INTRODUCTION {#sec1}
============

Neglected tropical diseases affect more than one billion people worldwide (<http://www.who.int/neglected_diseases/diseases/en/>). According to the World Health Organization, the disorders caused by parasites of Leishmania spp. and T. cruzi (family Trypanosomatidae, order Kinetoplastida) that cause leishmaniasis and Chagas disease, respectively, are both considered neglected diseases since they are more prevalent among impoverished areas and are often overlooked by drug developers and other important players involved in drug access, such as officials in governments and public health programs.

Leishmaniasis is an insect-borne disease caused by more than 20 species of Leishmania and can be manifested as cutaneous, mucocutaneous, or visceral forms. These parasitic diseases affect about 12 million people and endanger another 350 million ([@B1]). The cutaneous form is the most common manifestation of the disease with 0.7 to 1.3 million new cases annually, 95% of which occur in the Americas. The current treatment for leishmaniasis poses limitations such as toxicity, a difficult route of administration, and a lack of efficacy in areas where leishmaniasis is endemic due to the emergence of drug resistance and ineffective parasite and vector control ([@B2]). All currently available drugs against Leishmania were initially developed for other diseases and have limitations when used to treat leishmaniasis. Despite efforts to discover new drugs against Leishmania spp., either through synthesis or from natural sources ([@B3], [@B4]), treatments are still based on the use of pentavalent antimonials, amphotericin B, miltefosine, pentamidine, or paromomycin, none of them is ideal.

The first-line treatment involves the pentavalent antimonials sodium stibogluconate and meglumine antimoniate, which display severe side effects, including nausea, diarrhea, skin rashes, hepatotoxicity, and cardiotoxicity and are associated with high death rates in HIV-coinfected patients. The polyene antibiotic amphotericin B and its liposomal formulation are second-line therapies and are highly effective in antimony-unresponsive patients, but they have limitations due to the compound\'s renal toxicity. Although liposomal amphotericin B is currently the most effective strategy, this drug is quite expensive, resulting in a high cost-effectiveness ratio ([@B5]). Paromomycin and pentamidine treatments have variable efficacy in different countries, but the use and availability of these drugs in regions where leishmaniasis is endemic is limited ([@B2], [@B6]). Miltefosine is the first orally administered treatment made available for leishmaniasis ([@B7][@B8][@B9]). Although it displays high efficacy in adults and children, there are many issues around its use, including potential teratogenicity, prolonged periods of treatment, severe side effects, and drug resistance ([@B2], [@B10], [@B11]).

The antiprotozoan activity of many metal-based compounds has been investigated and may offer new therapeutic options ([@B12][@B13][@B18]). Cyclopalladated compounds have been postulated as potential alternatives for leishmaniasis treatment ([@B14][@B15][@B16]). Some mechanistic studies described in the literature have shown that different metal compounds can inhibit the activity of DNA topoisomerase type 1 or 2 ([@B19][@B20][@B22]). DNA topoisomerases are ubiquitous enzymes that play important roles in cells such as DNA replication, transcription, recombination, and repair and have been identified in trypanosomatids ([@B23][@B24][@B25]). The DNA topoisomerase is essential for parasite viability, and the enzyme has been reported as a promising target for parasitic diseases ([@B23][@B24][@B25]). Type I DNA topoisomerase (Topo1) have been isolated from Leishmania donovani ([@B26]), T. cruzi ([@B27]), and Trypanosoma brucei ([@B28]), and the L. donovani and T. cruzi enzymes have been structurally characterized ([@B25][@B26][@B27], [@B29]). Among these protozoa, topoisomerase Topo1B is highly similar (89 to 95% amino acid sequence identity), but the parasite enzyme is structurally and/or functionally different from its human counterpart, making it suitable for drug design ([@B25]). Indeed, some DNA topoisomerases inhibitors include the anti-leishmanial compounds sodium stibogluconate and urea stibamine ([@B23], [@B30]).

In this work, we evaluated the antileishmanial *in vitro* and *in vivo* efficacy of the binuclear cyclopalladated complex CP2 and its potential spectrum of action against T. cruzi, as well as its possible mechanism of action involving DNA topoisomerase 1B inhibition.

RESULTS {#sec2}
=======

Determination of the IC~50~ toward the insect stages of parasites. {#sec2-1}
------------------------------------------------------------------

The antiprotozoal activity of CP2 ([Fig. 1](#F1){ref-type="fig"}) was initially determined against the insect stages of L. amazonensis and T. cruzi, which are actively replicating in culture. It was determined that CP2 was biologically active against the promastigote and epimastigote forms of L. amazonensis and T. cruzi, respectively. The 50% inhibitory concentration (IC~50~) for L. amazonensis promastigotes (13.2 μM) and T. cruzi epimastigotes (7 μM) showed that CP2 is approximately 2-fold more active than amphotericin B (23.1 μM) and has similar activity as benznidazole (4.1 μM), as shown in [Table 1](#T1){ref-type="table"}.

![Structure of binuclear cyclopalladated complex CP2, \[Pd(dmba)(μ-N~3~)\]~2~ ([@B61]). A better model for \[Pd(dmba)(N~3~)\]~2~ is a blend of Lewis structures I and II with N1-N2 and N4-N5 intermediate in properties between a single and a double bond, with N2-N3 and N5-N6 between a double and a triple bond. This blending of structures is called resonance. The blended structure is a resonance hybrid of the contributing Lewis structures. A molecule does not flicker between different structures: a resonance hybrid is a blend of structures.](zac0071763440001){#F1}

###### 

Antiparasitic activities, mammalian cell toxicities, and selective indices of CP2[^*a*^](#T1F1){ref-type="table-fn"}

  Compound         CC~50~ (μM) ± SD for macrophages   Avg IC~50~ (μM) ± SD[^*b*^](#T1F2){ref-type="table-fn"}                                        
  ---------------- ---------------------------------- --------------------------------------------------------- ----------------- ------------------ -------------------
  CP2              506.0 ± 10.7                       13.2 ± 0.7 (38.5)                                         10.1 ± 2.2 (50)   7.0 ± 0.9 (73.5)   2.3 ± 0.5 (225)
  Pentamidine      35.7 ± 6.9                         7.6 ± 0.1 (4.78)                                          5.1 ± 1.1 (7.1)                      
  Benznidazole     988.4 ± 38.1                                                                                                   4.1 ± 0.3 (243)    5.3 ± 1.4 (187.2)
  Amphotericin B   23.1 ± 2.5                         3.2 ± 0.1 (7.2)                                           4.9 ± 0.1 (4.7)                      

Antiparasitic activities are expressed as half-maximal inhibitory concentrations (IC~50~), and mammalian cell toxicities are expressed as half-maximal cytotoxic concentrations (CC~50~).

The selective index (indicated in parentheses) was calculated as the CC~50~/IC~50~ of CP2. *P* \< 0.05 for all values.

Effect of CP2 on murine macrophages and mammary adenocarcinoma cells LM3. {#sec2-2}
-------------------------------------------------------------------------

The cytotoxicity of CP2 was evaluated against murine macrophages or LM3 cells. The results showed that CP2 presented lower cytotoxicity against macrophages (CC~50~ = 506.0 ± 10.7 μM), as well as LM3 cells (CC~50~ = 71.0 ± 4.0 μM), compared to the reference drugs pentamidine (CC~50~ = 35.7 ± 6.8 μM), amphotericin B (23.1 ± 2.5 μM), benznidazole (988.4 ± 38.1 μM), or cisplatin (30.3 ± 3.7 μM).

Effect of CP2 on L. amazonensis and T. cruzi intracellular amastigote forms. {#sec2-3}
----------------------------------------------------------------------------

We further evaluated whether CP2 presented antiprotozoal activity against the intracellular amastigotes of L. amazonensis and T. cruzi, the clinically most relevant life cycle stages of the parasites in leishmaniasis and Chagas disease, respectively. Although the potency of CP2 (IC~50~ = 10.1 ± 2.2 μM; selective index \[SI\] = 49.9) for L. amazonensis intracellular amastigotes was two times lower than those of pentamidine (IC~50~ = 5.1 ± 1.1 μM; SI = 7.1) and amphotericin B (IC~50~ = 4.9 ± 0.1 μM; SI = 4.7), its selectivity to the parasite (SI = 50) was at least 10 times higher than that of the positive-control drugs. The cyclopalladated CP2 (IC~50~ = 2.3 ± 0.5 μM; SI = 224.9) was two times more potent than benznidazole (IC~50~ = 5.3 ± 1.4 μM; SI = 187.2) and highly selective to the parasite ([Table 1](#T1){ref-type="table"}).

Regarding the infection index (the percentage of infected cells × the number of the intracellular parasites), treatment with CP2 caused 68.5 and 74% reductions in the number of intracellular amastigotes parasites for L. amazonensis and T. cruzi, respectively ([Fig. 2](#F2){ref-type="fig"}), while pentamidine and amphotericin B for L. amazonensis and benznidazole for T. cruzi caused 56, 65, and 47% parasite reductions, respectively.

![*In vitro* effect of CP2, pentamidine, and amphotericin B on L. amazonensis intracellular amastigotes (A) and *in vitro* effect of CP2 and benznidazole on T. cruzi intracellular amastigotes (B). The infection index was calculated after 72 h of treatment with the IC~50~s of each compounds. The negative control is L. amazonensis or T. cruzi intracellular amastigotes not treated with CP2. Data are expressed as averages plus the standard deviations (SD) for three independent experiments (*P* \< 0.05).](zac0071763440002){#F2}

Effect of CP2 on BALB/c mice infected with L. amazonensis. {#sec2-4}
----------------------------------------------------------

BALB/c mice infected with L. amazonensis (8 weeks postinfection) were treated for 35 days on a daily basis with two different doses of CP2 (0.2 or 0.35 mg/kg/day). A group of infected animals were treated with amphotericin B (2 mg/kg/day) on a daily basis from days 1 to 10, followed by an alternate base treatment from days 11 to 35. After 33 days of treatment, the animals treated with CP2 at both tested doses or with amphotericin B presented decreased lesion sizes compared to infected controls (animals infected and untreated and animals infected and treated with phosphate-buffered saline \[PBS\]; *P* \< 0.05) as indicated in [Fig. 3](#F3){ref-type="fig"}.

![*In vivo* efficacies of CP2 and amphotericin B treatment in BALB/c mice infected with L. amazonensis. Development of foot lesions in L. amazonensis-infected BALB/c mice treated with CP2. The treatment was started 60 days after infection and continued for 35 days. Data points represent the average measurements for seven groups of eight mice each. The development of foot lesions was monitored three times a week. Values indicate the mean volume (volume *= D* × *d* × *e*, where *D* is the larger diameter, *d* is the minor diameter, and *e* is the thickness) of lesions in each group, and bars represent the SD. α, statistically significant difference from infected, nontreated animals (*P* \< 0.05); β, statistically significant difference from infected animals treated with PBS (*P* \< 0.05).](zac0071763440003){#F3}

Regarding the parasite burden, BALB/c mice treated with 0.2 or 0.35 mg/kg/day of CP2 showed less skin parasitism in a dose-dependent manner compared to infected controls (*P* \< 0.05). This represents decreases in parasitemia of 55 or 80% as determined from the Leishman-Donovan units (LDU index), whereas treatment with amphotericin B at 2 mg/kg/day of caused a similar reduction (83%) compared to CP2 at 0.35 mg/kg/day (*P* \< 0.05) ([Fig. 4](#F4){ref-type="fig"}).

![Quantitation of tissue parasite load of L. amazonensis in skin lesions of infected BALB/c mice using the LDU index (i.e., the number of Leishmania amastigotes in 1,000 nucleated cells per organ weight). The data are expressed as averages plus the SD. \*, α, statistically significant difference relative to the control group (*P* ≤ 0.001, *P* ≤ 0.01); β, statistically significant difference relative to the group treated with PBS (*P* \< 0.05). The negative controls were infected animals not treated with CP2.](zac0071763440004){#F4}

Biomarkers of hepatic and renal function. {#sec2-5}
-----------------------------------------

Changes in liver function due to infection or different treatments were monitored by measuring the plasma levels of total bilirubin, alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST). Increased circulating levels of bilirubin were found in plasma of animals infected with L. amazonensis. For infected animals treated with amphotericin B or with CP2, no changes were observed in the bilirubin levels in compared to untreated infected animals ([Fig. 5A](#F5){ref-type="fig"}). No differences were found in the plasma ALP levels among all studied groups ([Fig. 5A](#F5){ref-type="fig"}).

![Plasma levels of biomarkers of liver and renal function in BALB/c mice noninfected and infected with L. amazonensis and treated with 0.20 or 0.35 mg/kg/day of CP2. (A) Total bilirubin and ALP levels; (B) ALT and AST levels; (C) urea and creatinine levels. The data are expressed as averages plus the SD. \*, statistically significant difference with the noninfected animals (healthy animals) (*P* \< 0.05); α, statistically significant difference with infected, untreated animals (*P* \< 0.05); β, statistically significant difference with infected animals treated with PBS (*P* \< 0.05).](zac0071763440005){#F5}

Increased levels of ALT and AST were found in animals infected with L. amazonensis (untreated or treated with PBS). Treatment with amphotericin B prevented the liver damage of infected animals, since the ALT and AST levels were low. For infected animals treated with 0.35 mg/kg/day of CP2, both the ALT and the AST levels were similar to those of uninfected animals and of infected animals treated with amphotericin B ([Fig. 5B](#F5){ref-type="fig"}). The evaluation of the renal function did not show significant changes for creatinine or urea levels in plasma of all animals ([Fig. 5C](#F5){ref-type="fig"}).

*In silico* prediction of CP2 pharmacokinetic and toxicity properties. {#sec2-6}
----------------------------------------------------------------------

The ADMET (absorption, distribution, metabolism, excretion, and toxicity) properties of CP2 demonstrated that the cyclopalladated presented 92.96% predicted permeability for human intestinal absorption according to the data analyses presented in [Table 2](#T2){ref-type="table"}.

###### 

Predicted ADMET properties of CP2 determined using the admetSAR tool

  Predicted ADMET properties of CP2                            CP2              
  ------------------------------------------------------------ ---------------- -------
  Absorption                                                                    
      Blood-brain barrier                                      Yes              87.19
      Human intestinal absorption                              Yes              92.96
      P-glycoprotein substrate                                 Substrate        72.67
      P-glycoprotein inhibitor I                               Noninhibitor     67.06
      P-glycoprotein inhibitor II                              Noninhibitor     55.47
  Metabolism                                                                    
      CYP450 2C9 substrate                                     Nonsubstrate     86.50
      CYP450 2D6 substrate                                     Nonsubstrate     78.46
      CYP450 3A4 substrate                                     Substrate        57.82
      CYP450 1A2 inhibitor                                     Noninhibitor     76.55
      CYP450 2C9 inhibitor                                     Noninhibitor     72.79
      CYP450 2D6 inhibitor                                     Noninhibitor     81.01
      CYP450 2C19 inhibitor                                    Noninhibitor     66.75
      CYP450 3A4 inhibitor                                     Noninhibitor     82.60
  Excretion                                                                     
      Renal OCT2                                               Noninhibitor     53.74
  Toxicity                                                                      
      hERG inhibitor                                           Noninhibitor     59.08
      Carcinogens                                              Noncarcinogens   82.09
      Acute oral toxicity[^*a*^](#T2F1){ref-type="table-fn"}   III              51.82
      Rat acute toxicity (mol/kg)                              2.7317           

Acute oral toxicity compounds were classified into four categories based on the criterion of U.S. Environmental Protection Agency (category III includes compounds with LD~50~ values of \>500 mg/kg but \<5,000 mg/kg).

Inhibitory effect of CP2 on L. donovani topoisomerase 1B. {#sec2-7}
---------------------------------------------------------

The effect of CP2 on *Ld*topo1B activity was analyzed by a supercoiled plasmid relaxation assay ([Fig. 6A](#F6){ref-type="fig"}). The assay allows determination of the conversion of supercoiled plasmid DNA to relaxed forms due to the enzyme activity ([Fig. 6A](#F6){ref-type="fig"}, compare lanes 1 and 3). In the presence of CP2, *Ld*topo1B was characterized by a reduced relaxation capability of the substrate. The inhibition starts at a 3 μM concentration and becomes almost complete at 100 μM ([Fig. 6A](#F6){ref-type="fig"}). Preincubation of the compound with the enzyme before substrate addition increased the efficiency of CP2, since a concentration of 12.5 μM was sufficient to completely inhibit the Leishmania enzyme ([Fig. 6B](#F6){ref-type="fig"}, lanes 10 to 13). This result indicates that CP2 inhibition occurs through a direct interaction with the enzyme, likely binding at the active site although an indirect inhibition cannot be ruled out. Preincubation of the compound with DNA, before enzyme addition, did not affect the relaxation of the substrate by the enzyme ([Fig. 6B](#F6){ref-type="fig"}, lanes 14 to 17). As a control, we performed the experiments in the presence of dimethyl sulfoxide (DMSO) at the same concentration as when added CP2 to the enzyme solution to demonstrate that, at this concentration of DMSO, the enzyme still works perfectly well ([Fig. 6A](#F6){ref-type="fig"}, lane 3, and [Fig. 6B](#F6){ref-type="fig"}, lanes 2 to 5).

![(A) Relaxation of negative supercoiled plasmid DNA by L. donovani topoisomerase 1B (*Ld*topo1B) in the presence of increasing concentrations of CP2 (lanes 4 to 13). Lane 1, only substrate; lane 2, substrate plus 300 μM CP2; lane 3, substrate plus *Ld*topo1B enzyme. (B) Plasmid relaxation as a function of time in DMSO (at a concentration identical to that used to dissolve the CP2 compound) (lanes 2 to 5), 12.5 μM CP2 (lanes 6 to 9), 12.5 μM CP2 preincubated for 5 min with enzyme before DNA addition (lanes 10 to 13), 12.5 μM CP2 preincubated for 5 min with DNA before enzyme addition (lanes 14 to 17). NC, nicked circular plasmid DNA; SC, supercoiled plasmid DNA.](zac0071763440006){#F6}

CP2 inhibits the cleavage step in the enzyme\'s catalytic cycle. {#sec2-8}
----------------------------------------------------------------

The cleavage rate of *Ld*topo1B was tested in a time course experiment incubating the enzyme with a linearized, partially duplex DNA substrate ([Fig. 7A](#F7){ref-type="fig"}), labeled at its 5′ end with \[γ-^32^P\]ATP. The substrate is named "suicide substrate" because, after cutting at the preferential cleavage sites (CL1 and CL2), the di/tetranucleotide generated cannot be religated, and the enzyme remains covalently bound to the DNA (cleavage complex). The cleavage reaction is very fast in the absence of CP2; in fact, the bands corresponding to the cleavage complexes are fully formed after 15 s and remain constant as a function of time ([Fig. 7B](#F7){ref-type="fig"}, lanes 2 to 10). In the presence of 150 μM CP2, the cleavage complex bands are not any more visible, indicating that *Ld*topo1B is fully inhibited ([Fig. 7B](#F7){ref-type="fig"}, lanes 11 to 19), permitting us to conclude that CP2 fully inhibits the cleavage reaction of Leishmania topoisomerase.

![(A) CL1/CL2 suicide substrate used to measure the cleavage kinetics of the enzyme. \*, preferential cleavage site (CL1); °, second cleavage site (CL2). (B) Gel analysis of *Ld*topo1B cleavage kinetics in the absence (lanes 2 to 10) or presence (lanes 11 to 19) of 150 μM CP2 at various time points (0, 0.25, 0.5, 0.75, 1, 2, 4, 8, 16, and 30 min). CL1, DNA fragment cleaved at the preferred site; CL2, second cleavage site.](zac0071763440007){#F7}

DISCUSSION {#sec3}
==========

The discovery of new, safe, and effective antileishmanial therapeutic agents is urgent because most currently used drugs have many problems that make treatment difficult, such as variable efficacy, severe side effects, long-term therapy, and high costs. The discovery of the antikinetoplastid activity of cisplatin ([@B31]) and its subsequent clinical development have pointed out that the chemotherapeutic properties of transition-metal complexes and the coordination of different ligands to metal is a possible strategy for finding new antileishmanial drugs. Indeed, several scaffolds of compounds containing palladium ([@B17], [@B18], [@B32][@B33][@B34]), platinum ([@B35]), gold ([@B36]), iridium ([@B37]), rhodium ([@B38]), and iron ([@B39], [@B40]) have shown antikinetoplastid activities.

The use of cyclopalladated complexes is preferable because of their higher thermodynamic and kinetic stability compared to other palladium(II) compounds whose fast hydrolysis and dissociation in solution lead to highly reactive species that are unable to reach the pharmacological targets ([@B34]). In this context, several research groups have explored the potential therapeutic applications of cyclopalladated complexes ([@B34], [@B41][@B42][@B46]). Regarding kinetoplastid diseases, it has been shown that cyclopalladated complexes were efficacious in reducing the parasite load in an *in vivo* leishmanial cutaneous model ([@B18]) and exhibited trypanocidal potential for Chagas disease treatment ([@B17]). More recently, Velásquez et al. showed the leishmanicidal and trypanocidal activities of a series of cyclopalladated compounds of the general formula \[Pd(μ-X)(*C*^*2*^,*N*-dmba)\]~2~ and \[Pd(μ-X)(*C*^*2*^,*N*-dmba)(isn)\], (*C*^*2*^,*N*-dmba=*N*,*N*′-dimethylbenzylamine; isn: isonicotinamide) against the intracellular amastigote forms of both L. amazonensis and T. cruzi ([@B47]), which were used to synthesize the CP2 derivative evaluated here.

The metal-based compound CP2 has shown leishmanicidal activity against L. amazonensis promastigotes and intracellular amastigotes. Although the observed leishmanicidal effect of CP2 (IC~50~ = 10.1 μM, SI = 49.9) toward intracellular amastigotes was half of that obtained with amphotericin B (IC~50~ = 4.9 μM, SI = 4.7), the cyclopalladated compound displayed 10-fold less toxicity to the peritoneal macrophages, as denoted by the SI values; additionally, CP2 was able to reduce the number of amastigotes in infected macrophages by 68.5%, similarly to amphotericin B in the *in vitro* assays carried out ([Fig. 2A](#F2){ref-type="fig"}). Regarding the spectrum of activity, CP2 (IC~50~ = 2.3 μM; SI = 225) was 2-fold more effective than benznidazol (IC~50~ = 5.3 μM; SI = 187.2) against amastigotes of T. cruzi, making this compound very attractive for further evaluation in *in vivo* studies for its potential application in the therapy of Chagas disease.

The high potency of CP2 (IC~50~ = 10 μM) against intracellular amastigotes of L. amazonensis is in accordance with the Drugs for Neglected Diseases Initiative guidelines ([@B48]); this compelled us to explore its efficacy in an *in vivo* cutaneous leishmaniasis model. Treatment of L. amazonensis-infected mice with 0.35 mg/kg/day of CP2 through intraperitoneal administration, the first commonly used route in evaluating the potential effect of a compound, led to a significant reduction in parasite load in foot lesions (80%, as determined from the LDU). Although the reduction in the parasite burden in L. amazonensis-infected mice treated with CP2 was similar to that observed with amphotericin B (83%), the concentration of the amphotericin B was five times higher than that of CP2 and caused severely toxic effects to the animals, including weight loss at the beginning of treatment, cachexia, and nosebleeds, which were not observed in the group treated with CP2. Thus, at day 11 we followed the amphotericin B manufacturer\'s instruction of reducing the amphotericin B dosage in cases of severe toxic effects by switching from a daily to an alternate-day regimen until the end of the therapy course. Although CP2 did not result in a total cure in infected mice, it is worth noting that the BALB/c strain is highly susceptible to L. amazonensis infection ([@B49]), so it would be harder to eradicate. The plasma levels of hepatic and renal biomarkers after the treatment with CP2 did not show hepatobiliary disorders or renal failure ([Fig. 5](#F5){ref-type="fig"}), which corroborates the low toxicity of cyclopalladated compounds reported in the literature ([@B41]). The altered dose regimen for amphotericin B might also have influenced the absence of toxic effects since hepatic and renal toxicity have been previously reported ([@B50], [@B51]). It is worth mentioning that *in silico* analysis to determine the safety and possible oral effectiveness of CP2 was carried out using the admetSAR tool ([@B52]) ([Table 2](#T2){ref-type="table"}). A compound is classified as orally effective when it demonstrates good absorption. Thus, the evaluated ADMET properties predicted that CP2 presents 92.96% of permeability for human intestinal absorption and 87.19% of permeability for the blood-brain barrier. With regard to metabolism, this molecule was classified as a nonsubstrate and a noninhibitor of a series of cytochrome P450 isoforms, although CP2 was shown to be a substrate for CYP450 3A4 (57.82%). Toxicity was also analyzed, and CP2 demonstrated the absence of carcinogenic toxicity and cardiotoxicity (noninhibitor for hERG). CP2 is also predicted as a mere class III risk for acute toxicity since it showed value for oral rat acute toxicity (LD~50~) of 2.7317 mg/kg (compounds with an LD~50~ greater than 500 mg/kg) ([@B53]). Taken together, these data suggest that CP2 is safe and orally absorbed.

Some mechanistic studies have demonstrated the ability of different metal compounds containing platinum, cadmium, copper, and gold to inhibit the activity of type 1 or 2 DNA topoisomerases ([@B19][@B20][@B22]). This could be due to the ability of inorganic drugs to coordinate the active site of the enzyme, blocking the enzyme-DNA interaction. Alternatively, the drugs could be coordinated to residues close to the active site, resulting in an altered enzyme structure ([@B16]); indeed, the antileishmanial pentavalent antimonial sodium stibogluconate inhibits the *Ld*Topo1B ([@B54]). Based on this information, we decided to investigate whether CP2 is able to inhibit the activity of *Ld*Topo1B DNA, the only one currently available for this kind of analysis ([@B55]).

Our *in vitro* results have shown that the relaxation activity of *Ld*Topo1B is inhibited by CP2 and that the inhibition is dose dependent ([Fig. 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}). This suggests that this enzyme is targeted through the mechanism of CP2 treatment against Leishmania parasites, which has yet to be precisely elucidated. Preincubation of CP2 with the *Ld*topo1B enzyme increased the inhibitory ability of the relaxation reaction, whereas incubation with DNA did not affect relaxation, demonstrating that CP2 has a high affinity for *Ld*topo1B ([Fig. 7](#F7){ref-type="fig"}). Together, these data suggest that CP2 can be classified as a catalytic DNA topoisomerase inhibitor ([@B25]).

It is well known that inhibition of DNA topoisomerases should affect mainly cell cycling cells such cancer cells ([@B22], [@B56][@B57][@B59]), but the toxicity assays performed here against the LM3 cells demonstrated that CP2 presents low selectivity for these cancer cells compared to Leishmania amastigotes, which could be indicative of the selectivity to the parasite\'s molecular target. It is worth noting that structural differences between human DNA topoisomerase I and *Ld*Topo1B might be the reason of the higher selectivity of CP2 to the parasite over the LM3 cells. The human Topo1 is a monomeric enzyme composed of 765 residues, whereas the *Ld*Topo1B is expressed from two open reading frames to produce a heterodimer consisting of a large 635-residue subunit (*Ld*TOP1L) and a small 262-residue subunit (*Ld*TOP1S) ([@B30]). In addition, CP2 was 2-fold less cytotoxic (71 μM) to LM3 than the antitumor drug cisplatin (30.3 μM), a potential inhibitor of human DNA topoisomerase II ([@B60]). This suggests that neither of the two human DNA topoisomerases might be a potent CP2 target. Altogether, the data presented here might explain the absence of toxicity reported in our *in vivo* assay.

Our data indicate that CP2 is very efficient due to its excellent biological activity against L. amazonensis, as well as T. cruzi, an indication of its potential wide action spectrum, high selectivity index, and great capacity to decrease parasite burden in *in vivo* experiments. In addition, its specific inhibitory effect on the topoisomerization of DNA catalyzed by *Ld*Topo1B makes CP2 a good candidate for further exploration as a potential drug candidate against leishmaniasis and Chagas disease.

MATERIALS AND METHODS {#sec4}
=====================

Compounds. {#sec4-1}
----------

Cyclometallated species represent an important class of compounds in organometallic chemistry due to their properties allowing many applications, including their use for therapeutic purposes such as antiprotozoal and anticancer treatments ([@B61]). The synthesis of CP2 and its precursors was carried out at room temperature. The binuclear cyclopalladated complex \[Pd(dmba)(μ-N~3~)\]~2~, here denominated CP2, was obtained as previously described ([@B61]). In summary, CP2 was prepared starting from 1.25 mmol of the compound \[Pd(dmba)(μ-Cl)\]~2~ ([@B62], [@B63]) and 2.5 mmol of NaN~3~ (Riedel-de Haën) in an acetone solution (Mallinckrodt). The mixture was stirred for 1 h, and the yellow solid was filtered off, washed with water and pentane (Merck), and dried *in vacuo*. The yield was 87%, with a melting point of 187°C (decomposition). The resulting CP2 and the reference drugs pentamidine isethionate (Sigma-Aldrich), amphotericin B (Cristalia, São Paulo, Brazil), and benznidazole (Sigma-Aldrich) were dissolved in DMSO (Sigma-Aldrich) and further diluted in culture media. Stock solutions were kept at −20°C. For *in vivo* experiments, stock solutions were prepared in PBS solution as a vehicle. The drugs were prepared daily, immediately before use.

Biological assays for parasites. {#sec4-2}
--------------------------------

Promastigotes of L. amazonensis strain MPRO/BR/1972/M1841-LV-79 and epimastigotes of T. cruzi strain Y were maintained at 28°C in a liver-infusion tryptose (LIT) medium supplemented with 10% heat-inactivated fetal bovine serum (FBS; Gibco/Invitrogen) ([@B64]).

Evaluation of *in vitro* antiprotozoal activity. {#sec4-3}
------------------------------------------------

To determine the IC~50~ (the half-maximal inhibitory concentration), we used the 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma-Aldrich) colorimetric assay for L. amazonensis promastigotes and T. cruzi epimastigotes forms as previously described ([@B47]). Cells were plated in 96-well plates (TPP, Trasadingen, Switzerland) at a density of 10^7^ parasites/ml (in a final volume of 100 μl) and incubated at 28°C in the presence of increasing concentrations of CP2 or reference drugs (from 0.5 to 100 μM) for 72 h for L. amazonensis and T. cruzi. The absorbance was then read in a plate reader (Robonik, Maharashtra, India) at 490 nm for Leishmania species according to the protocol as previously established in our laboratory and at 595 nm for T. cruzi ([@B4], [@B47]). The assays were carried out in triplicates, and data analysis and calculations of their IC~50~s were performed using the software Origin 7.0 ([@B65]).

Evaluation of cytotoxicity on murine macrophages and murine LM3 tumor cell lines. {#sec4-4}
---------------------------------------------------------------------------------

The cytotoxicity toward murine macrophages or LM3 cells was determined as previously described ([@B66]). In summary, for mouse peritoneal macrophages, the cells were collected from adult male Swiss albino mice (20 to 35 g) and seeded in 96-well flat-bottom plates at a density of 10^5^ cells/well (100 μl/well) in RPMI 1640 medium supplemented with 10% heat-inactivated FBS, 25 mM HEPES, and 2 mM [l]{.smallcaps}-glutamine, followed by incubation for 24 h at 37°C in a 5% CO~2~-air mixture. For *in vitro* assay against murine mammary LM3, cells were maintained in minimum essential medium (Sigma) supplemented with 10% heat-inactivated FBS, 2 mM [l]{.smallcaps}-glutamine, and gentamicin at 50 µg/ml in plastic flasks (TPP) at 37°C in a 5% CO~2~-air mixture. The number of cells was determined by the trypan blue dye exclusion method. LM3 cells were adjusted to a density of 5 × 10^4^ cells/ml and transferred to each well of a 96-well flat-bottom plate. All cells used for cytotoxicity studies were preincubated for 24 h to allow the cells to adapt prior to the addition of the test compounds. Then, the supernatants were removed, and new medium was added containing different concentrations of CP2 or the reference drugs ranging from 1.25 to 100 μM.

Positive (with amphotericin B, pentamidine isethionate, benznidazole, or cisplatin) and negative (without drugs) controls were included. Plates were then incubated under the same conditions for 24 h to be used for a MTT colorimetric assay, which was carried out as previously described ([@B67]). The absorbance was then read in a 96-well plate reader at 595 nm. The drug concentration that corresponds to 50% of cell growth inhibition is expressed as the 50% cytotoxic concentration (CC~50~). The cytotoxicity for host cells and protozoan species were compared and expressed as the selectivity index (SI), which was defined as the ratio of the CC~50~ for macrophages to the IC~50~ for protozoan species.

Differentiation of T. cruzi epimastigote and trypomastigote forms. {#sec4-5}
------------------------------------------------------------------

*In vitro* differentiation of T. cruzi was performed according to the literature ([@B68]). Briefly, epimastigotes from a stationary culture in LIT medium were harvested by centrifugation at 10,000 × *g* for 15 min at 10°C (Eppendorf) and cultured in freshly prepared LIT medium for another 48 h at 28°C supplemented with triatomine artificial urine (TAU; prepared in 190 mM NaCl, 8 mM phosphate buffer (pH 6.0), 17 mM KCl, 2 mM CaCl~2~, 2 mM MgCl~2~, and 0.6 mM NaHCO~3~). Cultures were then incubated in a medium supplemented with TAU and 10 mM [l]{.smallcaps}-proline (TAUP medium) at 27°C for 10 days.

Evaluation of *in vitro* activity against L. amazonensis and T. cruzi intracellular amastigotes. {#sec4-6}
------------------------------------------------------------------------------------------------

To determine the leishmanicidal and trypanocidal activity of CP2 and reference drugs against intracellular amastigotes of L. amazonensis and T. cruzi, murine peritoneal macrophages were plated at a density of 3 × 10^5^ cells/well on coverslips (13 mm in diameter), previously arranged in a 24-well plate in RPMI 1640 medium supplemented with 10% heat-inactivated FBS. The cells were then allowed to adhere for 4 h at 37°C in 5% CO~2~ ([@B69]). Adherent macrophages were infected with L. amazonensis promastigotes or T. cruzi trypomastigotes in the stationary growth phase (using ratios of 5:1 and 10:1 parasites per macrophage, respectively) at 37°C in 5% CO~2~ for 4 h for L. amazonensis and 24 h for T. cruzi. The noninternalized parasites were then removed by washing, and infected cultures were incubated in RPMI 1640 medium for 24 h at 37 ± 2°C in 5% CO~2~ to allow parasite multiplication. The infected cells were then treated with different concentrations of CP2, pentamidine isethionate, amphotericin B, or benznidazole for 24 h. After incubation, the cells were fixed with methanol, stained with Giemsa, and examined using optical microscopy (Opton). The infection index was determined by multiplying the percentage of infected macrophages by the mean number of amastigotes per infected cells. The concentration that resulted in a 50% decrease of growth inhibition compared to the control was determined by regression analysis and expressed as IC~50~ in μM ([@B47]).

Antileishmanial *in vivo* assays. {#sec4-7}
---------------------------------

For evaluation of *in vivo* leishmanicidal activity of CP2, female BALB/c mice (20 to 25 g; 4 weeks old; CEMIB, UNICAMP) were subcutaneously inoculated at the right hind-footpad with 10^7^ infective promastigotes of L. amazonensis in 10 μl of PBS (early stationary phase of growth). After 8 weeks, when the lesions presented a diameter of 5 to 7 mm, the animals were randomly separated into four groups of eight animals each. Treated animals received 0.20 or 0.35 mg/kg (body weight)/day of CP2 for 35 days. Stock solutions of CP2 were prepared daily in 1× PBS after solubilization in DMSO (final concentration, 0.1%). Negative controls correspond to infected and nontreated mice, as well as those that received the same number of injections with 1× PBS (vehicle). As positive control, a group of mice received 2 mg/kg/day of amphotericin B, and a group of uninfected and untreated mice (healthy animals) was used for the analysis. The compound was administered intraperitoneally daily for 35 days. Infection was monitored three times a week by measuring the thickness of the foot lesions with a dial caliper (Mitutoyo Corp., Japan). Treatment efficacy was determined by measuring the parasite burden of infected feet using the LDU index ([@B70]).

LDU index. {#sec4-8}
----------

BALB/c mice were euthanized by CO~2~ asphyxiation, and necropsies were performed for parasitological diagnoses of tissue smears. Parasites were counted from Giemsa-stained tissue impression smears and examined using optical microscopy for the identification of amastigote forms of Leishmania. The parasite density evaluation was performed, and the results were expressed as the LDU index, according to Stauber ([@B70]) and other authors ([@B71][@B72][@B73]); these data correspond to the number of amastigotes in 1,000 nucleated cells/organ weight.

*In silico* prediction of CP2 pharmacokinetic and toxicity properties. {#sec4-9}
----------------------------------------------------------------------

For determination of the safety and potential of oral absorption of CP2, the ADMET properties were evaluated by using the admetSAR tool ([@B52]). The SMILES (simplified molecular-input line-entry system) used for *in silico* analysis was as follows: \[N\]\[N\]N1\[Pd\]23(\[N\](C(\[H\])(\[H\])\[H\])(C(\[H\])(\[H\])\[H\])C(\[H\])(\[H\])C4C3C(C(C(C4\[H\])\[H\])\[H\])\[H\])\[Pd\]15(\[N\](C(\[H\])(\[H\])\[H\])(C(\[H\])(\[H\])\[H\])C(\[H\])(\[H\])C6C5C(C(C(C6\[H\])\[H\])\[H\])\[H\])N2\[N\]\[N\].

Toxicity for mice assays. {#sec4-10}
-------------------------

Plasma concentrations of total bilirubin, ALT and AST, ALP, urea, and creatinine were determined in BALB/c mice at the end of the treatments using commercial kits (Labtest Diagnostica S.A., Brazil). The following principles were used in these methods to determine concentration: AST, continuous kinetic monitoring, coupled with malate dehydrogenase ([@B74]); ALT, continuous kinetic monitoring, coupled with lactate dehydrogenase ([@B75]); ALP, colorimetric method based on the rate of hydrolysis of p-nitrophenyl phosphate ([@B76]); total bilirubin, azobilirubin formation in the presence of diazotized dichloroaniline ([@B77], [@B78]); creatinine, chromogen formation with picrate in alkaline medium ([@B79]); and urea, the urease method ([@B80]). Blood plasma samples, collected from blood samples obtained by cardiac puncture in the presence of heparin at 5,000 IU/ml (Hemofol; Cristalia) and centrifuged at 2,500 × *g* for 10 min at 4°C, were stored at −20°C until ready for analyzing the changes in the biomarkers of hepatic and renal function. Assays were performed by spectrophotometric system identification in a semiautomated biochemical analyzer.

*Ld*topo1B expression. {#sec4-11}
----------------------

To express the full-length L. donovani topoisomerase 1B (*Ld*topo1B), the plasmid pESC*LdTOP1A-LdTOP1B-URA* (kindly donated by Rafael Balaña Fouce), with the inducible promoters GAL1 and GAL10 was used. This plasmid was used to transform a Saccharomyces cerevisiae EKY3 strain deficient in DNA topoisomerase I activity (*MAT*α *ura3-52 his3Δ200 leu2Δ1 trp163 top1 D*::TRP1), as previously described ([@B56]). Transformed cells were selected on solid synthetic complement (SC)-uracil medium plus 2% dextrose at 30°C, transferred into liquid SC-uracil medium plus 2% dextrose, and grown overnight at 30°C and 140 rpm. At an optical density at 600 nm between 1 and 3, the cells were diluted 1:100 in SC-uracil plus 2% raffinose and induced for protein production by the application of 2% galactose for 6 h. Cells were harvested by centrifugation (4,000 × *g* for 10 min at 4°C), washed with cold water, resuspended at the ratio of 1 g (wet weight) of cells/2 ml of TEEG buffer (50 mM Tris-HCl \[pH 7.4\], 1 mM EDTA, 1 mM EGTA, 10% \[vol/vol\] glycerol), and supplemented with a protease inhibitor cocktail (sodium bisulfite, 0.1 mg/ml; NaF, 0.8 mg/ml; 2× Complete Mini) according to the manufacturer\'s instructions (Roche Molecular Biochemicals, catalog no. 1836153). The cells were stored at −80°C.

*Ld*topo1B protein purification. {#sec4-12}
--------------------------------

After the cells were thawed, 0.5 volumes of 425- to 600-μm glass beads were added to the cell suspension, and the cells were disrupted with 30 repetitions of 30-s vortexing each time, followed by a 30-s incubation on ice. The lysate was clarified by centrifugation (15,000 × *g*, 30 min), and the proteins were subjected to successive ammonium sulfate fractionations. A 35% saturation was obtained by adding ammonium sulfate to the extract (19.4 g/100 ml) and permitting the mixture to dissolve by rocking at 4°C for 60 min. The precipitates were removed by centrifugation (15,000 × *g*, 30 min), and the supernatant was then adjusted to 75% saturation in solid ammonium sulfate (25.4 g/100 ml) with gentle rocking at 4°C overnight. The precipitates were recovered by centrifugation (15,000 × *g*, 30 min) and resuspended in TEEG buffer--200 mM KCl, loaded onto a P11 resin equilibrated in the same buffer. Elution of *Ld*topo1B was performed at 4°C in TEEG buffer supplemented with protease inhibitor cocktail, 0.1 mg/ml sodium bisulfite, and 0.8 mg/ml sodium fluoride, with a discontinuous gradient of KCl (0.2, 0.4, 0.6, 0.8, and 1 M). *Ld*topo1B was eluted at between 0.4 and 0.6 M KCl.

*Ld*topo1B relaxation assay. {#sec4-13}
----------------------------

In order to determine the concentration of the eluted *Ld*topo1B (in U/μl), 1 μl of enzyme solution was diluted 3-, 9-, 27-, and 81-fold in reaction buffer (20 mM Tris--HCl, 0.1 mM Na~2~EDTA, 10 mM CaCl~2~, 50 µg/ml acetylated bovine serum albumin \[BSA\], and 150 mM KCl \[pH 7.5\]) before the addition of 0.5 µg of negatively supercoiled pBluescript KSII(+) DNA (standard conditions) in a 30-μl reaction volume. Each reaction of *Ld*topo1B was incubated at 37°C for 30 min. One unit of enzyme is defined as the amount required to completely relax 0.5 μg of negative supercoiled plasmid DNA in 30 min at 37°C.

One unit of the eluted *Ld*topo1B was assayed in a 20-μl reaction volume containing negatively supercoiled pBluescript KSII(+) DNA according to the standard conditions described above. Increasing concentrations of CP2 (0 to 300 µM) were added to each reaction mixture, which were stopped with a final concentration of 0.5% sodium dodecyl sulfate (SDS) after 30 min or after each time course point (1, 7.5, 15, and 30 min) at 37°C. The samples were electrophoresed in a horizontal 1% agarose gel in 50 mM Tris, 45 mM boric acid, and 1 mM EDTA, which was then stained with ethidium bromide (5 µg/ml), destained with water, and photographed under UV illumination. Assays were performed at least three times on one representative gel.

*Ld*topo1B cleavage assays. {#sec4-14}
---------------------------

The oligonucleotide CL1 (5′-GAAAAAAGACTTAG-3′) radiolabeled with \[γ-^32^P\]ATP at its 5′ end was annealed with a 2-fold molar excess of CL2 complementary strand (5′-TAAAAATTTTTCTAAGTCTTTTTTC-3′) ([@B20]) to produce a partially duplex substrate with a single-strand extension of 11 nucleotides called "suicide substrate" ([Fig. 7](#F7){ref-type="fig"}). The cleavage reactions were carried out by incubating a 20 nM concentration of the suicide substrate with 2.5 U of enzyme in 20 mM Tris-HCl (pH 7.5), 0.1 mM Na~2~EDTA, 10 mM CaCl~2~, 50 μg/ml acetylated BSA, and 150 mM KCl at 23°C. A 5-μl sample of the reaction mixture was taken before addition of the enzyme. At various time points, 5-μl aliquots were taken, and the reaction stopped in each one by using 0.5% SDS. After ethanol precipitation, the samples were resuspended in 5 μl of trypsin at 1 mg/ml, followed by incubation at 37°C for 30 min. Reaction products were analyzed in denaturing 20% acrylamide--7 M urea gels and visualized with a PhosphorImager.

Ethics statement. {#sec4-15}
-----------------

Animal experiments were approved by the Ethics Committee for Animal Experimentation of São Paulo State University (UNESP), the School of Pharmaceutical Sciences (CEUA/FCF/CAr, 20/2013 and 37/2013; CEUA/FCF/CAr, 25/2014 and 30/2014) in agreement with the guidelines of the Sociedade Brasileira de Ciência de Animais de Laboratorio (SBCAL) and of the Conselho Nacional de Controle da Experimentação Animal (CONCEA).

Statistical analysis. {#sec4-16}
---------------------

The statistical differences between groups were evaluated using one-way analysis of variance, followed by the Student-Newman-Keuls multiple -comparison test (using GraphPad InStat software). Differences were considered significant when *P* values were ≤0.05.
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